During protein synthesis, deacylated transfer RNAs leave the ribosome via an exit (E) site after mRNA translocation. How the ribosome regulates tRNA dissociation and whether functional linkages between the aminoacyl (A) and E sites modulate the dynamics of protein synthesis have long been debated. Using single molecule fluorescence resonance energy transfer experiments, we find that, during early cycles of protein elongation, tRNAs are often held in the E site until being allosterically released when the next aminoacyl tRNA binds to the A site. This process is regulated by the length and sequence of the nascent peptide and by the conformational state, detected by tRNA proximity, prior to translocation. In later cycles, E-site tRNA dissociates spontaneously. Our results suggest that the distribution of pretranslocation tRNA states and posttranslocation pathways are correlated within each elongation cycle via communication between distant subdomains in the ribosome, but that this correlation between elongation cycle intermediates does not persist into succeeding cycles.
During protein synthesis, deacylated transfer RNAs leave the ribosome via an exit (E) site after mRNA translocation. How the ribosome regulates tRNA dissociation and whether functional linkages between the aminoacyl (A) and E sites modulate the dynamics of protein synthesis have long been debated. Using single molecule fluorescence resonance energy transfer experiments, we find that, during early cycles of protein elongation, tRNAs are often held in the E site until being allosterically released when the next aminoacyl tRNA binds to the A site. This process is regulated by the length and sequence of the nascent peptide and by the conformational state, detected by tRNA proximity, prior to translocation. In later cycles, E-site tRNA dissociates spontaneously. Our results suggest that the distribution of pretranslocation tRNA states and posttranslocation pathways are correlated within each elongation cycle via communication between distant subdomains in the ribosome, but that this correlation between elongation cycle intermediates does not persist into succeeding cycles.
FRET | alternating wavelength laser excitation (ALEX) | multi-translation cycles | classical state | hybrid state U nderstanding of the mechanism of protein synthesis has improved dramatically through application of a multidisciplinary approach involving X-ray crystallography (1, 2), cryoelectron microscopy (3, 4) , chemical footprinting (5) , and ensemble (6) (7) (8) (9) (10) (11) (12) (13) and single molecule kinetic studies (14) (15) (16) (17) . However, understanding the interplay of ribosome conformation and function during translation of mRNA sequences into proteins requires detailed real-time detection of the structural dynamics of polypeptide elongation.
Three tRNA binding sites, designated aminoacyl (A), peptidyl (P), and exit (E) sites, are present in all prokaryotic and eukaryotic ribosomes. In the elongation cycle of a bacterial ribosome, the A site binds an aminoacyl-tRNA (aa-tRNA) as a ternary complex (TC), elongation factor Tu (EF-Tu)·GTP·aa-tRNA. This is followed by peptide bond formation that transfers the nascent peptide from peptidyl-tRNA bound in the P site to the aa-tRNA in the A site, resulting in formation of the pretranslocation (PRE) complex. Elongation factor G (EF-G)·GTP binding to the PRE complex induces translocation of mRNA and peptidyl-tRNA and deacylated tRNA into the P and E sites, respectively, leading to formation of the posttranslocation (POST) complex. The function of the E site has been much debated because the E-site tRNA has been observed, in different ensemble studies, to dissociate either before or after binding of the next TC (18) (19) (20) . This point is important for the translation mechanism because communication of E-site occupancy to other parts of ribosome has been postulated to increase fidelity of cognate tRNA selection at the ribosomal decoding site (the A site), to preserve reading frame (21, 22) , to regulate programmed frameshifting (23, 24) and to determine the preference of the ribosome for binding either EF-Tu or EF-G (25) .
Following translocation, aminoacyl-tRNA binding to the A site of the POST complex to form the next PRE complex can occur either prior to or following E-site tRNA dissociation from the ribosome. We denote the two options as the 2-3-2 tRNA and 2-1-2 tRNA pathways, respectively, where the integers indicate the number of tRNAs occupying the ribosome during the conversion of the POST complex to the subsequent PRE complex (Fig. 1) . Prior studies seeking to determine the partitioning between these two pathways have been limited by the transient nature of the putative 3-tRNA state. Averaging among individual ribosomes in ensemble experiments blurs the distribution among ribosomes containing zero to three tRNAs (18, 19) . Single molecule fluorescence techniques have become powerful tools to study the translation mechanism in individual ribosomes, including tracking the bound ligands, such as tRNAs (14) (15) (16) (17) 26 ). Here we use single molecule fluorescence resonance energy transfer (smFRET) experiments with alternating wavelength laser excitation (ALEX) (17, 27) to determine conditions in which the ribosome follows the 2-1-2 and 2-3-2 pathways and to identify the mechanisms that control A-site/E-site interaction.
Results
In the first few elongation cycles, the ribosome can follow either the 2-3-2 pathway of tRNA dissociation (ALEX smFRET recording; Fig. 1A ) or the 2-1-2 pathway (Fig. 1B) . The total fluorescence intensities of Cy3-and Cy5-labeled tRNAs and FRET from adjacent tRNAs in the A and P or P and E sites unambiguously indicate the number and species of tRNAs bound. At the beginning of the traces in Fig. 1 , the ribosomes have fluorescent tRNA Arg ðCy3Þ (green intensity trace) base-paired to the second codon of the mRNA. Binding of the third codon Phe-tRNA Phe ðCy5Þ is indicated by the appearance of Cy5 fluorescence intensity (red trace) concomitant with FRET (sensitized Cy5 emission, blue trace). Binding of the fourth codon Phe-tRNA Phe ðCy5Þ and dissociation of the second codon tRNA Arg ðCy3Þ are indicated by the doubling of the Cy5 fluorescence intensity and the disappearance of the Cy3 and FRET intensities, respectively. Dissociation of the third codon tRNA Phe ðCy5Þ is signaled by reduction of the Cy5 fluorescence intensity by half. All four events are marked in both traces in Fig. 1 . In Fig. 1A the fourth codon Phe-tRNA Phe binds before dissociation of the second codon Arg-tRNA Arg (the 2-3-2 pathway), whereas in B, those two events are reversed (the 2-1-2 pathway). Fig. 2 shows a representative ALEXsmFRET fluorescence trace exhibiting a 2-3-2 elongation event in cycle II followed by two 2-1-2 events in cycles III and IV.
How do POST (posttranslocation) complexes choose between the 2-3-2 and 2-1-2 pathways? By comparing the occupancy of two known PRE (pretranslocation) tRNA states with the like-lihood of adopting the 2-1-2 vs. the 2-3-2 pathway, we found that the nature of tRNA binding within the PRE state determines the posttranslocational pathway. The ribosomal PRE complex exists in two major conformational states (5, 15, 17, 30) . In one PRE state, tRNAs are bound to the classical A site and P sites in both the 30S and 50S subunits (termed A/A-and P/P-site binding). In the other PRE state, the tRNAs are shifted into the P and E sites on the 50S ribosomal subunit, while retaining A-and P-site binding on the 30S subunit (31, 32) , placing the tRNAs in hybrid positions designated as A/P and P/E. The overall structure of the ribosome also varies between the classical and hybrid PRE states, but as our FRET measurements in this paper are focused on the ribosome-bound tRNAs, below we refer to the two PRE complexes as classical and hybrid tRNA conformations.
FRETefficiency between adjacent tRNAs within the ribosome (17, 30) decreases in the classical to hybrid transition, allowing us to identify individual PRE complexes as having classical or hybrid conformations. Ribosomes can dynamically fluctuate between these conformations (17, 30) or populate them as noninterconvertible stable conformations (17) . We have shown elsewhere that the EF-G·GTP binds directly to both the classical and hybrid PRE states and promotes translocation from each (17) .
To test for correlation between the PRE state conformation and POST state pathway, cycle II PRE complexes with deacylated tRNA Arg ðCy3Þ in the P site and peptidyl tRNA Phe ðCy5Þ in the A site were immobilized on the microscope coverslip and their fluorescence and FRET values were used to assign tRNAs in the PRE complex to either the classical or hybrid state. Injection of Phe-tRNA Phe ðCy5Þ TC and EF-G·GTP then restarted elongation ( Fig. 3 A and B) . Fluorescence intensities and tRNA-tRNA FRET were again used to determine subsequent E-site occupancy. The major fraction of POST complexes that follow the 2-3-2 pathway are formed by translocation from the classical PRE state (fluctuating ribosomes, 80%; stable ribosomes, 81%; Fig. 3C ). Conversely, the major fraction of POST complexes that follow the 2-1-2 pathway are formed by translocation from the hybrid PRE state (fluctuating, 72%; stable, 91%; Fig. 3D ). Thus, the tRNA pathway of the POSTcomplex is largely determined by the structural conformation of the PRE complex from which it is formed via translocation.
The strong correlation between the tRNA conformation of the PRE complex (classical or hybrid) and the pathway (2-3-2 or 2-1-2, respectively) followed by a POST complex formed by translocation from that PRE state implies that POST complexes arising by translocation of classical and hybrid PRE complexes are conformationally distinct and do not freely interconvert. Ribosomes thus appear to retain PRE state conformational information during translocation that largely determines partitioning of POST complexes between the 2-3-2 and 2-1-2 pathways. Structural variations that persist beyond one enzymatic reaction step have been described in other systems (33, 34) . Here we use the (Table S1 ; single letter amino acid code) were premixed with Arg-tRNA Arg ðCy3Þ TC. The resulting PRE-I 1 complex (in which PRE, I, and 1 indicate pretranslocation complex, first translation cycle after formation of the IC, and presence of one labeled tRNA, respectively) was immobilized on a glass cover slip. ALEX fluorescence traces were collected after injecting 10 nM Phe-tRNA Phe ðCy5Þ TC, 2 μM EF-G and 2 mM GTP to complete the first three elongation cycles (Table S2) A multiple turnover trace, in which the ribosome follows the 2-3-2 pathway in Cycle II and the 2-1-2 pathway in Cycles III and IV. ICs were premixed with Arg-tRNA Arg ðCy3Þ TC, and the resulting PRE-I 1 complex was translated up to the fifth elongation cycle by adding 10 nM Arg-tRNA Arg ðCy3Þ TC, 10 nM Phe-tRNA Phe ðCy5Þ TC, 2 μM EF-G and 2 mM GTP. For traces displaying all five expected labeled tRNA binding events, the 2-3-2-tRNA and 2-1-2-tRNA pathways are seen 42% and 58% of the time, respectively, in Cycle II. In contrast, only the 2-1-2-tRNA pathway is observed for Cycles III and IV. Conditions as in Fig. 1 .
term "conformational memory" to designate this PRE to POST state correlation. The correlation persists only within one elongation cycle, because ribosomes can convert from the 2-3-2 to the 2-1-2 pathway in the next cycle (Fig. 2) . Such conversion also demonstrates that the correlation between PRE state and POST pathway does not arise from ribosomal heterogeneity that might cause ribosomes to proceed solely by one or the other pathway.
Conversion from a 2-1-2 pathway to a 2-3-2 pathway is difficult to demonstrate due to a strong bias in favor of the 2-1-2 pathway in later cycles (see below). Some earlier reports (19) suggested that allosteric cooperation between the A and E sites traps the E-site tRNA on the ribosome until the A site becomes occupied by the next TC. We tested for such cooperativity by measuring the duration of E-site occupancy at various TC concentrations. For ribosomes that follow the 2-3-2 pathway, the dwell time of tRNA in the E site prior to dissociation depends strongly on TC concentration (Fig. 4A , black squares), indicating an allosteric release of E-site tRNA on occupation of the A site. In contrast, in the 2-1-2 pathway, the lifetime of E-site tRNA is almost independent of the TC concentration (Fig. 4A, red circles) . The association rate of A-site tRNA increases linearly with TC concentration for both pathways, as expected (Fig. 4B, open symbols) . If the dissociation of E-site tRNA and the association of A-site tRNA were spontaneous reactions independent of each other, the proportion of the 2-1-2 pathway would be expected to decrease with increased TC concentration, as the duration of the POST complexes with empty A sites decreases (blue simulated curves in Fig. 4C ). In fact, the partitioning of ribosomes between the 2-1-2 and 2-3-2 pathways is independent of TC concentration (Fig. 4C ). This result demonstrates that E-site tRNA dissociation before or after A-site TC binding is not governed simply by a stochastic competition between the tRNA dissociation and TC association reactions, and is consistent with the observation, presented above, that the translation pathway is mainly determined by the PRE conformational states, Interestingly, the E-site dissociation rate from the 3-tRNA complex (i.e., after TC binding) is similar to the spontaneous E-site dissociation rate in the 2-1-2 pathway (Fig. 4B , closed symbols) and, as expected, relatively independent of TC concentration. The similarity of E-site tRNA dissociation rates implies that the occupancy of E site by tRNA prevents EF-G promoted translocation. Otherwise, after the A site became occupied to form the 3-tRNA complex, a relatively rapid translocation (1.3 AE 0.1 s −1 ) (SI Results, Translocation Rate Constants at Elongation Cycles II, III, and IV and Figs. S2 and S3) catalyzed by EF-G would have resulted in an accelerated E-site dissociation.
The proportion of 2-1-2 vs. 2-3-2 events was measured as a function of several variables that modulate the partition between classical and hybrid PRE conformational states, including the length of the nascent peptide chain, the specific mRNA codon sequences, the presence or absence of an fMet at the peptide N terminus, and the composition of the bathing buffer (Fig. 5A,  Fig. S4 , and Table S3 ). Although the classical/hybrid partitioning in PRE states varies markedly in these conditions, the correlation of classical and hybrid PRE states with the 2-3-2 and 2-1-2 pathways, respectively, is maintained (Fig. 5B and Table S3 ). As measured in TAM 15 buffer, ribosomes follow both pathways when the nascent peptide is up to three amino acids long. With increasing peptide length, the proportion of ribosomes following the 2-1-2 pathway increases, reaching essentially 100% when the nascent peptide length is >3 amino acids (Figs. 2  and 5A ). Both acylated (charged) and deacylated (uncharged) tRNA fMet in the P site can initiate peptide synthesis, allowing examination of the influence of an N-terminal fMet on the proportion of ribosomes following the two pathways ( Fig. 5A and Table S3 ). For a given elongation cycle, the 2-1-2 pathway was generally favored for POST complexes containing a N-terminal fMet, in accordance with the observation that longer nascent peptide chains favor this pathway. For example, in the POST-II complex with a Phe codon in the P site ( f MRF), a linear relationship was found between the charging level of tRNA fMet and the 2-3-2:2-1-2 distribution, decreasing from 62:38 in the absence of fMet to 33:67 when tRNA fMet was 89% charged with fMet, (Fig. S5A and Table S3 ). The proportions of 2-1-2 and 2-3-2 events for POST complexes initiated with fully charged fMettRNA fMet (Fig. 5A, Fig. S4 and Table S3 ) were estimated by short extrapolations of the linear relationships (Fig. S5 ) between charging and pathway distributions in experiments using uncharged tRNA fMet and up to 80-89% fMet-tRNA fMet . For all of the test mRNAs examined (Fig. 5A) (1) and (2), and (2) and (3), respectively (traces as in Fig. 1A ). For the 2-1-2 pathway, rate constants for E-site dissociation and TC binding after the E site becomes empty are measured as the reciprocals of the times between arrows (1) and (2), and (2) and (3), respectively (traces as in Fig. 1B) . The intervals between arrows (1) and (2) in Fig 1 A Length of nascent peptide chain
Proportion of 2-1-2-tRNA pathway Table S3 ). The proportions of hybrid PRE state were measured from FRET between tRNAs in the P and A sites within preformed immobilized PRE complexes. Both fluctuating and stable PRE complexes were counted into the FRET distributions (17) .
fMet charging led to a lower proportion of 2-3-2 events (see Table S3 and Fig. S5) .
Besides TAM 15 buffer, two other buffers commonly used in previous studies of ribosome function were tested. Lowering the Mg 2þ concentration from 15 to 7 mM (Methods, Buffer B) drastically decreased the proportion of classical cycle II PRE (PRE-II) complexes, and the proportion of POST-II complexes following the 2-3-2 pathway, in both the presence and absence of fMet at the N-terminus of the nascent peptide. At still lower Mg 2þ concentration (4.5 mM), addition of polyamines (Buffer C), restored both the occupancy of classical PRE states and the proportion of the 2-3-2 pathway (Table S3) . These results are consistent with previous observations (18, 19) , that both high Mg 2þ concentration and the presence of polyamines increase the affinity of deacylated tRNA for the E site.
Discussion
Here we show that early elongation cycles proceed by at least two routes (classical PRE state → translocation → 2-3-2 tRNA pathway and hybrid PRE state → translocation → 2-1-2 tRNA pathway). Partitioning between these routes depends on both the sequence and length of the nascent peptide, which, along with results of other single molecule and structural studies (31, 32, (35) (36) (37) , suggests that the route may be determined, at least in part, by interactions between the nascent peptide and the ribosome. The relationships between the dynamics of PRE and POST complexes are incorporated in a reaction scheme that applies to the first few elongation cycles (Fig. 6) . In this scheme, PRE complexes reversibly interconvert between the classical and hybrid states, but this conformational flexibility is largely blocked in the transient intermediate and POST complexes that follow EF-G·GTP binding, conferring a short-term conformational memory on the ribosome. The observation that ribosomes that go through 2-3-2 pathway in cycle II mostly follow the 2-1-2 pathway in subsequent cycles (Fig. 2) , as expected from the peptide length dependence, demonstrates that such conformational memory is retained only within an elongation cycle. It remains to be determined to what extent such memory is related to progress or restriction of motions such as ratcheting between the 30S and 50S subunits (38) (39) (40) , swiveling of the 30S head region (41, 42) , and conformational changes of other ribosomal components (43) (44) (45) .
The tight correlation between the PRE and POST events as peptide length and sequence and other factors vary further suggests that PRE conformational states determining the subsequent posttranslocation pathways is a general feature of the elongation cycle. The virtual disappearance of the classical PRE → 2-3-2 POST route when the nascent peptide is longer than three residues supports the hypothesis (46) that the bacterial ribosome has an initiation mode in the first few cycles and a more stable elongation mode thereafter. The switch between these modes occurs at approximately cycle 3, although reappearance of the 2-3-2 tRNA pathway at peptide chain lengths >3 might be possible as a result of specific mRNA sequences that elicit special ribosomal responses, such as programmed frameshifting (23, 24) and stalling (47) .
Dominance of the 2-1-2 pathway after two or three elongation cycles is consistent with recently reported real-time single molecule translation measurements of Uemura et al. (16) . However, those workers reported no evidence for a 2-3-2 pathway during the first three cycles of elongation, in contrast to the results obtained here. Our results demonstrate that mRNA sequence and buffer (Fig. 5 and Table S3 ), which differ between the two studies, can strongly affect the observed partitioning between pathways. Differences both in the tRNAs employed (five elongator tRNAs in the current study vs. two in ref. 16 ) and in the attachment sites of fluorescent labels on the tRNAs (the D loop in the current study vs. position 47 in ref. 16 ) might also affect partitioning. Moreover, photobleaching of fluorescent probes on the tRNAs could bias the observations toward the 2-1-2 pathway. Uemura et al. (16) considered this issue and performed experiments at lower laser power than their standard conditions. This reduced photobleaching, albeit not entirely. In the present study, the lasers were adjusted to 0.06-0.09 μW∕μm 2 (laser power at the sample) and contribution of photobleaching to disappearance of fluorescent signals from the ribosome was determined to be less than 1.6% (Fig. S1) , the remainder largely resulting from dissociation of E-site tRNAs. A full understanding of why Uemura et al. (16) detected many fewer 2-3-2 pathway events in the first two or three elongation cycles will require a detailed consideration of these and perhaps additional factors. However, it is important to emphasize that our results are likely to underestimate the proportion of 2-3-2 events occurring in vivo. This is because the quite low TC concentrations (≤20 nM) we used would be expected to favor the 2-1-2 pathway, whereas in vivo TC concentrations generally exceed several μM. Indeed, Uemura et al. (16) stressed that the rare 2-3-2 events that they did observe were only seen in the presence of high (μM) concentrations of labeled tRNA.
Our results provide direct evidence for a long-range positive allosteric effect of A-site binding on E-site dissociation, a point that has been highly controversial (18) (19) (20) . E-site dissociation rates and partitioning between the POST pathways over a range of TC concentrations show that ribosomes on the 2-3-2 pathway effectively trap the deacylated tRNA in the E site until the A site becomes occupied. The tRNA occupancy of the E site inhibits EF-G assisted translocation (shown above) and has been implicated in preventing amino acid misincorporation and random frame-shifting (21, 48, 49) , as well as in assisting programmed frame-shifting (23, 24) . Future single molecule studies will provide direct tests of the functional effects of E-site binding, and how A-site binding modulates these effects, on these and other processes [e.g., binding of accessory protein factors (50) (51) (52) (53) (54) , entry of the nascent peptide chain into the exit tunnel (46) and formation of the Shine-Dalgarno helix (46, 55) ].
Methods
The 70S initiation complexes or 70S PRE complexes formed from a 5′-biotinylated mRNA (Dharmacon RNAi Tech.; Table S1 ) were immobilized on a biotin/PEG-streptavidin coated glass surface (56) . After washing away unbound complexes, collection of real-time translation traces began 10 s prior to injecting 10 nM fluorescent-labeled ternary complexes, 2 μM EF-G and 2 mM GTP into the flow cell. Fluorescent-labeled ternary complexes were preformed from EF-Tu, GTP, and charged tRNAs labeled with either Cy3 or Cy5 at dihydrouridine positions in the D loop (57, 58) . Recording continued Fig. 6 . The initial mode of elongation. In the first few elongation cycles, elongation proceeds via both 2-3-2-tRNA and 2-1-2-tRNA pathways. Within many PRE complexes, the classical and hybrid tRNA states can reversibly interconvert. The transient INT states and POST complexes arising from EF-G·GTP facilitated translocation of classical and hybrid PRE complexes, however, are conformationally distinct and do not freely interconvert (dashed arrows), thereby retaining conformational memory throughout an elongation cycle.
for 10 min without further washing. The details of immobilized 70S complexes and ternary complexes added during the recordings for different experiments are listed in Table S2 . Cy3 and Cy5 fluorescence intensities as well as the FRET signal between Cy3 and Cy5 were excited and collected by ALEX (27) between a 532 nm laser and a 640 nm laser on a custom-built objective-type total internal reflection fluorescence microscope (17) . Except as otherwise indicated (Fig. 3) , fluorescence intensities were recorded with alternating 532 nm and 640 nm laser excitation (ALEX) at 500 ms integration time per frame with resulting in a net time resolution of 1 s. The power densities of the 532 nm and 640 nm lasers were 0.09 and 0.06 μW∕μm 2 , respectively, to keep the photobleaching rates of both Cy3 and Cy5 below 1.0 × 10 −3 s −1 (Fig. S1) . Unless specifically mentioned, translation experiments were carried out with buffer TAM 15 (15 mM MgAc 2 , 50 mM Tris-HCl pH 7.5, 30 mM NH 4 Cl, 70 mM KCl, and 1 mM DTT) at 23°C. Buffer B (7 mM MgCl 2 , 50 mM Tris-HCl pH 7.5, 70 mM NH 4 Cl, 30 mM KCl, and 1 mM DTT) and buffer C (4.5 mM MgAc 2 , 2 mM spermidine, 0.05 mM spermine, 20 mM Hepes-KOH pH 7.3, 150 mM NH 4 Ac, 4 mM β-mercaptoethanol) were also used. Other details of materials preparation, the experimental setup, tRNA-tRNA FRET measurement, and data analysis were described in a previous publication (17) .
